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Effects of temperature (400-10000C) and rate of heating to 550°C (100, 1000, 50000C/sec) on
reduction of pyrene contamination in a Superfund-related soil and on yields of volatile products
(tars, CO, CO2, methane, acetylene, ethylene) have been measured. Fifty (±3)-milligram thin
layers (<150 pm) of 63- to 125-pm soil particles, neat (i.e., without exogenous chemicals), or
pretreated with 4.75 wt% of pyrene, were heated for about 1 to 6 sec, under 3 psig (pounds per
in.2 gauge) of helium in a 12-liter sealed chamber. Pyrene removal, defined as the difference in
weight loss of neat versus contaminated soil, was virtually immune to heating rate but increased
strongly with increasing temperature, approaching 100% at about 530°C. However, for pyrene-
polluted soil, excess soil weight loss and modified CO yields were observed above about 500°C
for a 1000°C/sec heating rate. These observations suggest that soil chemical reactions with
pyrene or pyrene decomposition products augment soil volatilization. Consequently at elevated
temperatures, the difference in weight loss protocol may overestimate polycyclic aromatic
hydrocarbon (PAH) removal from soil. Increasing heating rate caused yields of CO, CO2, and
acetylene from pyrene-polluted soil to pass through maxima. Heating neat or contaminated soil
resulted in at least two gaseous products of particular environmental interest: acetylene, a
precursor to PAH in thermal synthesis, and CO, a toxin to human hemoglobin. Environ Health
Perspect 106(Suppl 4):1097-1107 (1998). http://ehpnetl.niehs.nih.gov/docs/1998/Suppl-4/
1097-1 107saito/abstract.html
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Introduction
Between 1982 and 1991, approximately
1200 U.S. sites had been placed on the
National Priority List designating them as
serious environmental threats, under what
is now known as the Superfund program
(1). Superfund and other sites (2) may con-
tain hundreds or even thousands oftons of
contaminated soil, so that soil cleanup and
restoration have become prominent envi-
ronmental issues. Thermal treatment is
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already an established technology for soil
cleanup and is expected to be the basis for
new above-ground and in situ decontami-
nation processes. Thermal technologies are
often selected to clean soils at Superfund
sites (2) because they can provide high
destruction and removal efficiencies (DREs)
for diverse organic contaminants (3).
Broadly based public acceptance is impor-
tant to the selection, siting, and sustainable
operation ofvirtually any environmental
remediation technology. Experience with
incineration, one ofthe most visible ther-
mal methods for treating hazardous
wastes-including polluted soils-shows
that winning and sustaining stakeholder
support can be challenging (4). Public
opposition to incineration reflects concerns
that process misbehavior will give rise to
effluents or residues that could adversely
affect human health (4), e.g., owing to
inadequate destruction ofthe targetedwaste
or generation of toxic by-products (5,6).
Better quantitative understanding of the
behavior ofsoil and soil-contaminant mix-
tures during heating can improve the scien-
tific and engineering foundations for
design, operation, control, and monitoring
ofsoil thermal cleanup technologies, and
may identify totally new concepts for soil
decontamination. Progress along these lines
can in turn contribute to public confidence
that soil thermal treatment technologies
will economically meet prescribed clean-up
goals in an environmentally sound manner.
From the behavior of other hetero-
geneous solids that release volatile materials
on heating, e.g. coal and biomass, the ther-
mal removal of organic substances from
soil is expected to entail chemical reactions
as well as inter- and intraphase transport of
gaseous and liquid substances (Figure 1).
Soil temperature-time history, particle size,
bed depth, ambient atmosphere, and total
pressure, as well as soil and contaminant
properties, are therefore likely to impact
decontamination efficiencies as well as the
yields, identities, and generation rates of
co-products. Environmental health-related
questions include: a) How rapidly and
efficiently are targeted contaminants
removed from the soil or converted to
benign products? b) Are the original cont-
aminants transformed to hazardous sub-
stances, especially species more toxic or
more resistant to destruction or decontam-
ination? c) Do soil-contaminant interac-
tions affect product yields and toxicity?
d) How do soil type, contaminant type,
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decontamination behavior?
Many studies contribute information
responsive to these and related questions
(7-32). Tognotti et al. (8) and Flytzani-
Stephanopoulos et al. (9) studied the
dynamics of contaminant adsorption on
and desorption from individual particles.
Darivakis (10) found that rapid heating of
a thin layer of clay particles at roughly
1000°C/sec gave weight losses consistent
with essentially complete removal of
pyrene contamination at temperatures
above 600°C. McClennen et al. (11)
detected benzene, toluene, ethylbenzene,
styrene, benzaldehyde, benzofuran, and
chlorostyrenes and chloroethylbenzenes
among the vapor phase effluents of heating
an ethylbenzene-contaminated soil bed in
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efficiency ofremoving No. 2 fuel oil from a
soil can be manipulated by adjustments, and
to some extent tradeoffs, in temperature,
heating rate, and treatment time, and that
chemical reactions of the oil were in evi-
dence at higher treatment temperatures
(500°C). Essentially complete (approaching
100%) oil removal was indicated even at
rather mild heating, i.e., to 300°C at
2000C/sec followed by about 25 sec further
heating at that temperature. Bucal4 et al.
also report (26) a significant role for ther-
mal decomposition ofsoil itselfin generat-
ing volatile by-products including species of
environmental health interest, e.g., CO (a
toxin to human hemoglobin), acetylene (a
polycyclic aromatic hydrocarbon [PAH]
precursor in high temperature reactions, see
below) and liquids of medium to low
volatility (tars). Gilot et al. (27) found
extensive removal (85-90%) ofpyrene cont-
amination from a clay soil by heating from
room temperature to 200°C (5°C/min heat-
ing rate) or 300°C (500C/min). They con-
cluded thatwhile evaporation could account
for most (70% or more) of the pyrene
release, other processes, e.g., desorption and
possibly chemical reactions, are important
in removing the last 5 to 10% (27).
PAHs are an important class ofsoil con-
taminants. Many PAHs are mutagenic, car-
cinogenic, or both. They are encountered at
numerous hazardous waste sites, notably
those with wood preservatives, coal and
pine tars, and sludges (28). Simonich and
Hites (29) report that PAHs may be carried
into soil by the debris of plants on which
PAH collected. Most PAH are ofhigh mol-
ecular weight and low volatility, and many
PAHs are strongly resistant to biochemical
breakdown. Thus, they are relatively diffi-
cult to remove from soil, and clean-up
methods based on intense heating, e.g.,
incineration (4), are appealing. To better
understand soil thermal decontamination,
this article describes effects of temperature
and heating rate on removal of exogenous
pyrene from a Superfund-related soil, and
on the yields ofvolatile co-products. The
temperatures and heating rates studied are
pertinent to the thermal desorption or
devolatilization stages of some of the cur-
rent and emerging thermal technologies for
above-ground and in situ remediation,
i.e., to the initial heating ofthe soil as well
as continued heating, in nonoxidizing
atmospheres. Effects of oxygen during or
after release ofvolatile substances are not
addressed; our focus is on soil pyrolysis, not
combustion of soil or soil-derived volatile
substances. No one soil or individual PAH
air. They ascribe the chlorinated products to
reactions between organic effluents and
chloride in the upper layers of the soil bed.
Wu et al. (12,13) determined equilibrium
and mass transfer parameters for contami-
nants in soil beds, e.g., gas-soil partition
coefficients, heats of adsorption, axial dis-
persion coefficients, and intraparticle diffu-
sion coefficients. Lighty et al. (14-22)
provide data and mathematical models for
soil decontamination with particular
emphasis on bed configurations and operat-
ing conditions simulating various attributes
of soil thermal treatment in rotary kilns.
Linak et al. (23) and Wendt et al. (24)
modeled the formation of "puffs" (short-
lived surges of volatile substances) in terms
of vapor release by fracture of solids during
heating. Bucala et al. (25) found that the
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compound can comprehensively represent
all PAH-polluted soils. However, pyrene
has a molecular weight, volatility, and ther-
mochemical reactivity relevant to mid-boil-
ing range PAH. Pyrene is not mutagenic to
bacterial cells or human cells in vitro and is
negative in carcinogenicity assays. However
pyrene has been found in complex organic
mixtures at hazardous waste sites, e.g.,
heavy oils, sludges, tars. These substances
are ofenvironmental health interest because
oftheir potential for occupational or public
exposure and prior findings oftoxicologic
activity in these or related mixtures.
Materials and Methods
The soil was a U.S. Environmental
Protection Agency (U.S. EPA) synthetic
soil matrix prepared elsewhere to reflect
attributes ofsoils at Superfund sites (30).
Its makeup was guided by extensive review
of86 records ofdecision (RODs), and an
independent study of the composition of
soils in the eastern United States. The fol-
lowing components in the indicated weight
percentages were blended to formulate this
soil matrix (31,32): sand (31%), no. 9 gravel
(6%), silt (28%), topsoil (20%), and clay
(15%) (montmorillonie [5%] and kaolinite
[10%]). This material has been analyzed by
other workers (31,32) and found to be free
ofanthropogenic organic contamination.
This soil matrix has been used in other
studies ofdecontamination (25,26,32). To
reduce intrapartide temperature and concen-
tration gradients during rapid heating, we
prepared a 63- to 125-pm fraction by siev-
ing. Chemical analysis found 0.39 wt%
organic carbon, 3.96 wt% carbonate carbon,
0.76 wt% hydrogen, and approximately 1
wt% moisture (after conditioning with a
drying agent). X-ray fluorescence (26)
detected Ca, Ti, Fe, Cu, Sr, Zr, Zn, Ni, Al,
and Si, andsmall quantities ofS andCl, and
X-raydiffraction (26) identified theminerals
quartz [Si02], calcite [CaCO3], kaolinite
[Al2Si205(OH)4], dolomite [CaMg(C03)2],
ankerite [Ca(Mgo.67Feo.33)(C03)2], and
minrecordite [CaZn(C03)2J.
To obtain the desired 4.75 wt% pyrene
contamination level (33), a known weight
ofneat soil spread as a thin layer was cov-
ered with an approximately 1- to 2-mm
layer ofa methylene chloride solution of
pyrene and left within a sealed 45-mI
weighing jar for 12 hr to allow time for
pyrene sorption on the soil. The soil and
liquid were then transferred to a larger ves-
sel (approximately 265 ml) where 8 to
10 hr were allowed for slow evaporation of
the methylene chloride solvent. The soil
contamination level thus obtained was
checked by extracting a known weight of
contaminated soil with methylene chloride.
The weight ofthe residue upon evaporating
the extract solution in a preweighed alu-
minum pan was taken as the weight of
pyrene contaminant on the soil, and
revealed a contamination within 2% (rela-
tive) ofthat targeted, i.e., 4.75 ±0.10 wt%.
This level ofexogenous pyrene was used to
facilitate gravimetric measurements of
decontamination efficiencies (below) and
quantitation of by-product yields. It is
within the higher range ofcontamination by
organic substances at Superfund sites (30)
and is pertinent to the appreciable pollution
concentrations encountered during rapid
response to spills ofhazardous substances.
Further details on the contamination
procedures are provided by Saito (33).
The soil heating apparatus is an adapta-
tion ofelectrical screen heater reactors used
to study pyrolysis ofcoal (34,35) and cellu-
lose (36,37), where solid fuels are heated
within a folded stainless steel screen. Here
the screen is replaced (25,26,33) by a
0.001-in. thick 302 stainless steel foil
relieved in its center with a 0.79-in. internal
diameter x0.11-in. deep cylindrical well to
hold the soil (Figure 2). The soil was heated
by heat transfer from the foil. The foil was
heated ohmically, using manually variable
transformers and power relays actuated by
automatic timers, to provide electrical cur-
rent ofthe necessary magnitude and dura-
tion. Thereby, shallow soil beds (i.e., < 150
pm) can be subjected to independent varia-
tions in heating rate (100-6000°C/sec),
temperature (300-1100°C), and time at
final temperature (0-30 sec), under inert or
reactive gaseous atmospheres. The hot foil
and sample cool by conduction, natural
convection and radiation, at initial rates that
vary between 400 and 600°C/sec, depend-
ingon peak temperature (25). Soil tempera-
ture-time histories are measured throughout
each experiment using a rapid response
(0.0005-in. thick film) type K thermo-
couple placed beneath the hot stage and
read by a digitizing recorder. Heat transfer
calculations imply that the thermocouple
closely tracks the bulk mean temperature of
the soil particles (e.g., conservatively to
within about 10°C at a nominal heating rate
of 1000°C/sec). Figure 3 is a schematic of
temperature-time histories used in soils and
related studies (25,26,37), and defines
heat-up time, (total) heating time, and peak
temperature. To buffer the ambient gaseous
atmosphere during heating, facilitate
product collection, and quench volatile
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Stainless /,steelfoil
Aluminumbottom
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7 10.001-in.thick stainlesssteel
shim
Topview
Sideview
Figure 2. Schematic of screen heater captive sample
reactor, modified for studies of soil thermal decontami-
nation: (A) reactor from top view: screen heater reactor
with thermocouple touching the bottom of the stain-
less steel foil; (B) reactor from side view: screen
heater reactorwithoutthermocouple and thermocouple
support; (C) close up of the molded foil (hot stage).
Reprinted (in part) from Bucald et al. (25) with permis-
sion ofthe American Chemical Society.
substances, soil is heated within a 9-in.
diameter x 12-in. high cylindrical Pyrex
chamber, sealed at each end with aluminum
flanges (Figure 2). The heater foil is
connected to two electrodes mounted to,
but electrically insulated from, the top alu-
minum flange, which can be raised and low-
ered to introduce soil samples and recover
condensedphaseproducts.
Volatile materials are collected by
purging the reactor gas through a filter and
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Figure 3. Temperature-time profiles obtainable with
the captive sample reactor shown in Figure 2.
Reprinted (in part) from Bucald et al. (25) with permis-
sion ofthe American Chemical Society.
Helium prefilter,-196°C
Figure 4. Schematic of captive sample reactor cham-
ber and products collection stations. Reprinted from
Bucala et al. (26) with permission of the American
Chemical Society.
two series-connected traps (Figure 4),
respectively, designed to collect tars, con-
densables (benzene to naphthalene), and
light gases (CO, CO2, Cl-C2 hydrocar-
bons). The tar filter is a 1-pm pore size
teflon filter paper within a stainless steel
casing. The condensables trap is a 6-mm
OD Pyrex tube containing 1.5 in. each of
3% OV-17 on GasChrom Q (80/100
mesh; Alltech, Deerfield, IL) and Porapak
Q (50/80 mesh; Supelco, Bellefonte, PA)
gas chromatographic packings. The light
gas trap consists of 15 in. of Porapak Q
within a 1/4 in. OD stainless steel tubing.
To guard against gaseous impurities enter-
ing the reactor during a run, the reactor
ambient gas (helium) is passed through a
prefilter consisting of 15 in. ofPorapak QS
(50/80 mesh) within a 3/8-in. OD stainless
steel tube. The helium prefilter and light
gas trap are immersed in Dewar flasks of
liquid nitrogen (boiling point [bp] 77°K)
during the experiment. A funnel con-
structed from heavy-duty aluminum foil
was attached to the tar filter inlet to help
direct the flow ofvolatiles into the traps.
The inner surfaces of the top and bottom
flanges of the reactor were covered with
aluminum foil to collect tar condensate.
Typical steps in a run were to form the
soil containment well in the foil, load the
soil sample into the reactor, flush and pres-
surize the reactor with inert gas, heat the
soil, and purge the reactor to recover
volatile products. The foil, prior to forming
the well, was heated to a peak temperature
above 9000C under about 3 psig of unfil-
tered helium to remove organics from the
foil surface. The well was formed by press-
ing the foil between two pipe fittings. A
known weight of soil (50 ± 3 mg) was
spread into approximately a monolayer in
the well before mounting the foil between
the electrodes. The top and bottom reactor
liners, the tar filter, the tar filter funnel,
and the condensables trap were preweighed
and then connected to, or mounted within,
the reactor. The reactor was then closed
and flushed seven times with prefiltered
helium. In a flush, the reactor is pressur-
ized to 7 psig and then evacuated to -30 in
Hg with a mechanical vacuum pump.
Liquid nitrogen was then added to the
Dewar flask surrounding the light gas trap,
and a helium flow of0.5 l/min (at ambient
conditions) was then established with the
reactor pressurized slightly above atmos-
pheric (3 psig) to prevent in-leakage ofair
by pressure driven flow.
Each soil sample was heated through a
preselected temperature-time history. The
helium flow was continued for 2 hr after
cooldown, to collect volatile products (the
cumulative helium purge amounted to
about five reactor volumes). The light gas
trap was then removed from the reactor sys-
tem and set aside for analysis. The foil and
heat-treated soil, as well as the other traps,
the liners, and the funnel, were then
removed from the reactor and weighed. Tar
is operationally defined, and gravimetrically
determined, as the material collected on the
tar filter and funnel, the top and bottom
aluminum liners, and on the inside reactor
wall, the last estimated by wiping the sur-
face with preweighed glass filters. The light
gas trap was connected to a Hewlett-Packard
5890A Series II gas chromatograph
(Hewlett-Packard, Andover, MA) and
heated in a separate oven at 100°C for 1 hr
before carrier gas was flowed through the
trap to transfer its gases onto the head ofthe
gas chromatography column. Light gas
analysis was performed on a 6-ft 80/100
mesh Carbosphere packed column (Alltech).
Results
Effcts ofTemperature
Effects oftemperature on total weight loss,
tar and light gas yields (Figures 5-1 1) were
studied by heating neat or contaminated
soil from room temperature to peak tem-
peratures (Figure 3) between 350 and
1050°C, at a nominal rate of 1000°C/sec.
There was no further heating after attaining
the peak temperature, i.e., cooling was
allowed to begin immediately. The labora-
tory data are corrected to and plotted on a
basis of50 mg ofcontaminant-free soil, i.e.,
for contaminated soil runs the corrected
initial mass of specimen is 52.49 mg to
account for the 2.49 mg ofpyrene contami-
nant. For the present experiments it is very
difficult to replicate experimental tempera-
ture-time histories and peak temperatures
with sufficiently high precision to create
data sets for computing conventional means
and standard deviations at one specific peak
temperature. To provide some indication of
the uncertainty in yields ofvarious prod-
ucts, standard deviations ofthe mean (see
error bars in Figures 5-11) were therefore
calculated for groups ofyield data measured
for particular ranges ofpeak temperatures.
The resulting standard deviations were then
assigned to each ofthe points in that group.
A more narrow band ofpeak temperatures
was selected when the data exhibited
stronger sensitivity to temperature.
Assuming no interaction between the
pyrene and the soil and negligible experi-
mental errors, the difference in the weight
loss curves (Figure 5) for contaminated and
neat soil should give the weight of pyrene
removed from the soil. Based on these
assumptions, Figure 12 indicates that the
extent of pyrene removal increases with
increasing temperature and approaches
completion at about 5300C. However,
Figure 12 further implies the clearly
impossible result that pyrene removal
exceeds 100% at temperatures above about
530°C. A plausible explanation for this
artifactually elevated level ofdecontamina-
tion, is that pyrene or its reaction products
augment soil volatilization when treatment
temperatures exceed a certain value, which
according to Figure 12 is about 500C .
This hypothesis is supported by the follow-
ing observations. With increasing tempera-
ture, tar yields from contaminated soil,
which should include volatilized pyrene, in
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Figure 5. Weight loss data for neat(o)and 4.75wt% pyrene-contaminated soil (0)
as affected by peak temperature (nominal heating rate = 1000°C/sec, zero holding
time). Curves arefree drawn trend lines.
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Figure 7. Carbon monoxide yieldsfrom neat(o) and 4.75 wt% pyrene-contaminated
soil (c) as affected by peak temperature (nominal heating rate = 10000C/sec, zero
holding time). Curves are free drawn trend lines. Reprinted from Saito et al. (7)with
permission ofJohnWiley&Sons, Inc.
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Figure 6. Yield oftarsvolatilized from neat(o)and4.75wt% pyrene-contaminated
soil (0) as affected by peak temperature (nominal heating rate = 1000°C/sec, zero
holding time). Curves are free drawn trend lines.
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Figure 8. Carbon dioxide yields from neat (o) and 4.75 wt% pyrene-contaminated
soil (0) as affected by peak temperature (nominal heating rate = 1000°C/sec, zero
holdingtime). Curves arefree drawntrend lines.
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contaminated soil, as affected by peak temperature (nominal heating rate =
1000°C/secs, zero holding time). Reprinted from Saito et al. (7) with permission of
John Wiley & Sons, Inc.
addition to exhibiting the expectable overall
increase (Figure 6), also showed color
changes suggestive ofpyrene chemical reac-
tions: white (the color ofpyrene) below
500°C, yellow-tinged pink between 500
and 750°C, and brown above 750°C.
Unfortunately, detailed chemical analyses of
these tars are not available to test for pyrene
transformations to PAH or other products.
Further, CO yields from contaminated soil
exceed those from neat soil beginning at
temperatures of 500°C or perhaps lower
(Figure 7). Because pyrene contains no oxy-
gen, the oxygen in this extra CO must have
come from the soil, unless there were impu-
rities like air or water in the immediate
neighborhood oftheheatingappliance. This
seems unlikely given that the reactor cham-
ber was extensively purged prior to each run
and that soil heating was conducted at
super-atmospheric pressure (3 psig).
For neat and contaminated soils, tars
(Figure 6), CO (Figure 7), carbon dioxide
(Figure 8), methane (Figure 9), acetylene
(Figure 10), and ethylene (Figure 11) each
show an overall trend of increasing yields
with rising temperature. Compared to
neat soil, contaminated soil evolves some-
what more CO from about 450 to 800C,
and appreciably more above 800C
(Figure 7). Yields of the other four gases
exhibit little or no distinct difference
between neat and contaminated soil.
Ethane and condensables (benzene to
naphthalene) yields are not shown.
Condensables were insignificant, and
ethane yields were small and too scattered
to reveal clear trends with temperature or
the presence ofcontaminant.
Effects ofHeatingRate
Heating rate effects were investigated by
heating neat or contaminated soil from
room temperature to ca 550'C at nominal
rates of 100, 1000, or 5000°C/sec, and
then allowing cooling to begin immedi-
ately. Error bars in the yield data (Figures
13-19) are standard deviations calculated
separately for neat and contaminated soil
from duplicate experiments performed at
each heating rate. The laboratory data are
corrected to and plotted on a basis of 50
mg ofcontaminant-free soil.
Weight loss (Figure 13) from neat or
contaminated soil shows little change with
increasing heating rate from 100 to
1000°C/sec, but decreases when heating rate
is increased to 5000°C/sec. No dear effect of
heating rate on the implied pyrene removal
calculated from the difference in the two
curves in Figure 13 was discerned. Taryields
from neat soil show no effect ofheating rate
(Figure 14). Tar production from contami-
nated soil increases slightlywhen heating rate
is increased from 100 to 1000°C/sec, but
shows little or no change when heating rate
is increased from 1000 to 5000°C/sec
(Figure 14). Tars from the contaminated soil
runs were white with a very slight pink hue
for the 100 and 5000°C/sec heating rates,
but yellowish pink for the 1000'C/sec runs.
Changes in tar color suggest chemical reac-
tion(s) ofthe pyrene, but detailed chemical
analyses ofthese tars are not available to test
this hypothesis. No significant amounts of
condensables (benzene to naphthalene) were
collected in anyofthe runs.
Carbon monoxide yields (Figure 15)
show little or no effect ofheating rate for
neat soil, but for contaminated soil exhib-
ited an apparent maximum at 1000°C/sec.
For neat and contaminated soil, acetylene,
carbon dioxide, methane, and ethylene
yields (Figures 16-19, respectively) indi-
cate an apparent maximum at or near
1000°C/sec, although the data scatter
equivocate this intepretation for methane
and ethylene, and for CO2 from neat soil.
Figures 15 to 19 suggest little or no differ-
ences in the CO, acetylene, CO2, methane,
and ethylene yields from neat vs contami-
nated soil at 100 and 5000°C/sec. For cont-
aminated soil at 1000°C/sec, clearly higher
yields of CO (Figure 15) and acetylene
(Figure 16) are seen, as are slightly higher
CO2 yields (Figure 17) and possibly higher
ethylene yields (Figure 19).
Discussion
Effects ofTemperature
Assuming that the difference in weight loss
method of determining the extent of
decontamination is valid, Figure 12 indi-
cates that for heating at 1000°C/sec, about
3/4 ofthe pyrene can be released by heat-
ing the soil to a peak temperature equal to
the boiling point ofpyrene (404°C), and
that virtually complete pyrene removal
occurs by heating to a peak temperature of
530°C. Given the rapid heat-up and initial
cool-down rates of 1000°C/sec and 400 to
600°C/sec, respectively, the implied overall
rates ofdecontamination are fast i.e., heat-
up plus cooling require only a few (< 5)
seconds (Figure 3). With similar apparatus
and procedures Darivakis (10) deduced
that about 7 wt% pyrene contamination
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Figure 13. Weight loss data for neat(o) and 4.75 wt% pyrene-contaminated soil (0)
as affected by heating rate (nominal peak temperature = 550°C, zero holding time).
Curves are free drawn trend lines. Reprinted from Saito et al. (7) with permission of
John Wiley &Sons, Inc.
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Figure 14. Mass of tars volatilized from neat (o) and 4.75 wt% pyrene-contami-
nated soil (e) as affected by heating rate (nominal peak temperature = 550°C, zero
holding time). Curves arefree drawn trend lines.
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Figure 15. Carbon monoxide yields from neat (o) and 4.75 wt% pyrene-contami-
nated soil (c) as affected by heating rate (nominal peak temperature = 550°C, zero
holding time). Curves are free drawn trend lines. Reprinted from Saito et al. (7)with
permission ofJohnWiley & Sons, Inc.
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Figure 16. Acetylene yields from neat (o) and 4.75 wt% pyrene-contaminated soil
(c) as affected by heating rate (nominal peak temperature = 550°C, zero holding
time). Curves are free drawntrend lines. Reprinted from Saito etal. (7)with permis-
sion ofJohnWiley &Sons, Inc.
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Figure 17. Carbon dioxide yields from neat (o) and 4.75 wt% pyrene-contaminated
soil (l) as affected by heating rate (nominal peak temperature = 550°C, zero hold-
ing time). Curves are free drawn trend lines.
Heating rate, 'C/sec
Figure 18. Methane yields from neat (l) and 4.75 wt% pyrene-contaminated soil
(l) as affected by heating rate (nominal peak temperature = 550°C, zero holding
time). Curves are free drawn trend lines.
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Figure 19. Ethylene yields from neat (o) and 4.75 wt% pyrene-contaminated soil (0) as affected by heating rate
(nominal peaktemperature =550°C, zero holding time). Curves are free drawn trend lines.
was removed from a clay soil heated to
about 600°C at 1000°C/sec.
Figure 12 shows that when heating at
1000°C/sec, decontamination efficiencies
deduced from the difference in weight
loss of neat and pyrene-polluted soil
exceed 100% above a certain temperature.
Consequently, the difference in weight loss
protocol must be viewed as unreliable
above a certain temperature at which soil-
contaminant chemical reactions begin to
affect the weight loss behavior of neat soil.
The value ofthis temperature will in gen-
eral depend upon heating rate, soil type,
and type ofcontaminant. Thus, Bucalai et
al. (25) found that when heating samples
ofthis same soil matrix contaminated with
No. 2 fuel oil, the weight difference
method was valid up to about 700°C. This
conclusion was based on their findings of
comparable yields ofmethylene chloride
extractables from cooled residues of soil
heated to temperatures that gave high
extents of oil removal, and from cooled
residues ofuncontaminated soil. Figure 12
suggests that for pyrene removal from this
soil matrix, the weight difference protocol
is suspect above about 530°C. However,
this temperature is only an estimate
because Figure 12 is deduced from the two
curves in Figure 5, each ofwhich reflects
significant uncertainty in experimental
weight loss data. Likewise the 750°C
denoted by Figure 12 as the temperature
for which the excess weight loss begins a
plateau, is only approximate.
To elaborate, a breakdown in the
difference in weight loss method can be
rationalized if pyrene or its reaction prod-
ucts augment neat soil volatilization by
converting soil-bound oxygen to CO. Soil-
contaminant chemical reactions, i.e.,
between organic volatile substances and
chloride in the upper layers of a soil bed
were proposed byMcClennen et al. (11) to
explain the appearance of chlorostyrenes
and chloroethylbenzenes in volatiles from
heating ethylbenzene-contaminated soil in
air. Between about 450 to 500°C and
750°C, the present CO yields are slightly
larger for contaminated versus neat soil
(Figure 7) and thus could account for some
of the excess weight loss imputed from
Figure 12. At about 950°C, the excess CO
from pyrene-treated soil (Figure 7) could
account for about two-thirds of the
imputed excess weight loss ofsoil (Figure
12). However, 950°C is much higher than
the 750°C indicated by Figure 12 as the
temperature above which excess weight loss
ceases. The uncertainty in Figure 12, and
the absence ofmaterial balances connecting
starting materials to products preclude
quantitative evaluation ofplausible as well
as more speculative explanations for
observed differences between the behavior
ofneat and contaminated soil heated under
similar conditions. Literature on the pyrol-
ysis of pyrene and other aromatic hydro-
carbons gives guidance on chemical
reactions that may impact the yields, com-
positions, and toxicologic activity of tars
and other products from thermal deconta-
mination ofPAH-polluted soils. Pyrolysis
ofaromatic compounds in the presence of
CaO at 400 to 800°C produces solid car-
bon (38,39). If these or other carbon-
forming reactions occur before the PAH
exits the soil, i.e., ifthe relevant chemistry
is fast compared to pyrene mass transfer
from the soil, solid carbon will deposit on
the soil, leading to lowerweight loss than if
all the contaminants had escaped the soil as
volatile substances. This could in turn lead
to an error in the difference in weight loss
method opposite in sign to that implied by
Figure 12, i.e., an underestimation ofthe
extent to which a volatilizable contaminant
has been affected by thermal treatment of
the soil. PAH may also undergo thermal
conversion to other PAH. In low tempera-
ture (450°C), long soak time (4 hr) pyroly-
sis studies, Sharkey et al. (40) found
gaseous and condensed phase products
suggestive of pyrene condensation to
bipyrenes, i.e., dihydropyrene and
dipyrenyl. Mukherjee et al. (41) identified
various PAHs, e.g., cyclopenta[calpyrene
(CPEP), cyclopenta[hl]acephenanthrylene
(CPAP), benzo[g,h,i]fluoranthene,
bipyrenes, and triphenylene, in tars from
short residence time (- 0.75 sec) pyrolysis
at temperatures of940 to 1210°C. CPEP is
mutagenic to bacterial cells (42) and
human cells (43) in vitro. Ifpyrene under-
goes analogous reactions when heated in
the presence ofsoil, toxicologically active
by-products may arise. Further, ifthere are
catalytic effects ofsoil minerals, unwanted
reactions may occur at lower temperatures.
The tars in Figure 6 were not bioassayed or
subjected to detailed chemical analysis, so
we lack crucial information to test for the
generation ofadverse by-products.
Effects ofHeatingRate
Effects ofheating rate on soil decontamina-
tion are more complex than those ofpeak
temperature. Assuming the difference in
weight loss method is valid, Figure 13 sug-
gests that there is little effect ofheating rate
on pyrene removal at a peak temperature of
550°C, when heating rate was reduced from
5000 to 1000°C/sec or further from 1000
to 100°C/sec (Figure 13). However, at
somewhat lower temperatures and consider-
ably lower heating rates, Gilot et al. (27)
found that a 10-fold reduction in heating
rate, i.e., from 50 to 5°C/min, lowered the
temperature to achieve 85% pyrene removal
from a clay soil, from 275 to 200°C.
Further mathematical modeling ofheating
rate and temperature effects on soil thermal
decontamination, for broad ranges ofthese
two variables, would shed further light on
these observations. Differences in soil type,
heating apparatus, and soil bed config-
uration may also be important, i.e., Gilot et
al. (27) heated a shallow bed ofsoil in a
thermogravimetric analyzer.
For neat soil, the present study detected
little or no effect ofchanging heating rate
from 100 to 5000°C/sec on yields oftars
and CO (Figures 14, 15), but indicated
maxima in the yields of CO (Figure 15),
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acetylene (Figure 16), CO2 (Figure 17), and
methane (Figure 18), from contaminated
soil, and ofacetylene and possibly CO2 and
methane from neat soil (Figures 16-18).
These trends cannot be explained in terms
ofa simple mechanistic picture, valid for a
single first-order kinetic model, that increas-
ing heating rate allows less time for product
formation, e.g., by evaporation or chemical
reaction. More complex kinetic networks,
e.g., sequential reactions, are suggested. Saito
(33) found that for uncontaminated soil, a
kinetic model based on two chemical reac-
tions in series would predict a maximum in
acetylene yields with increasing heating rate,
but that the detailed fit to experimental data
was strongly sensitive to temperature
[discussedalso bySaito etal. (7)].
Concordance: Environmental
HealdthImplications
Broadly based public acceptance is needed
to site and operate most environmental
remediation technologies. This requires
stakeholder confidence that the process will
provide desired cleanup efficiencies at rea-
sonable economic costs, without adverse
environmental health impacts, e.g., impacts
owing to toxic effluents or residues. Better
understanding of engineering and envi-
ronmental health related issues is impor-
tant in building and maintaining this
confidence. This and other studies, e.g.
(7-32), for soil thermal treatment contribute
to this understanding.
The present research addressed effects of
temperature and heating rate on removal of
a medium volatility PAH contaminant, i.e.
pyrene, from a U.S. EPA synthetic soil
matrix prepared to reflect attributes ofsoils
at Superfund sites. Based upon the differ-
ences in experimentally determined weight
losses ofuncontaminated and contaminated
soil (Figure 5), it was conduded that a high
initial level ofpyrene contamination, i.e.
4.75 wt%, can be substantially reduced by
heating a thin bed (<150 pm) of63- to
125-pm soil particles to 530°C at
1000°C/sec (Figure 12). More generally the
rates and extents ofsoil decontamination
will be influenced by soil type, contaminant
volatility and chemical reactivity, beddepth,
andheatingconditions, e.g., (7-27).
For the present experimental condi-
tions, thermal treatment ofpyrene-conta-
minated soil generates numerous volatile
by-products in yields that depend on tem-
perature (Figures 6-11) and in some cases
heating rate (Figures 14-19). Thermal
reactions of neat soil [discussed also in
Bucala et al. (26)] can be a significant or
dominant source ofmany ofthese volatiles,
especially at some heating rates (Figures
8-11, 15-19). In the present study, two
gaseous volatile substances ofenvironmen-
tal health concern emitted by heating both
neat and pyrene-contaminated soil are
acetylene (Figures 10, 16), a known pre-
cursor to PAH formation at higher temper-
atures (44), and CO (Figures 7, 15), which
poisons humans bychemically deactivating
the oxygen-carrying capacity of blood
hemoglobin (45). The tarlike liquid prod-
ucts from heating pyrene-polluted soil at
1000°C/sec (Figures 6, 14) are also ofenvi-
ronmental health interest in light ofdocu-
mented observations on pyrene pyrolysis
products (41), and present observations
indicating pyrene chemical reactions above
approximately 500°C, i.e., augmented soil
volatilization (Figure 12), increased CO
release (Figure 7), and distinct color
changes in the product tars, i.e., from
white (presumably pyrene) to yellow-pink
at 500°C, and from pink to brown at
750°C. Mukherjee et al. (41) found that
pyrolysis ofpyrene vapor at 940 to 1210°C
for approximately 0.75 sec generated
several PAHs including CPEP, a yellow-
orange bacterial cell (42) and human cell
(43) mutagen, similar in molecular weight
to pyrene (226 vs 202). Detailed chemical
analyses and toxicologic assays are not
available for the present tars. Consequently
the question ofwhether heating ofpyrene-
polluted soil according to the current pro-
cedures generates genotoxic tars requires
further research. Nevertheless, it is prudent
to consider the possibility that bioactive
organic volatile substances may be gener-
ated when heating PAH-contaminated
soils. Practical scale thermal technologies
can be designed to decontaminate or
destroy these and other undesired volatile
substances, e.g., by oxidation within the
primary thermal treatment chamber or in
downstream after-burners or other efflu-
ents cleaning equipment. On-line monitors
are useful in detecting unacceptable toxi-
cant concentrations and in actuating
appropriate clean-up measures.
Above a certain temperature, the mea-
sured weight loss of contaminated soil
exceeded the sum of the corresponding
weight loss of neat soil plus the initial
weight ofthe pyrene pollutant (Figure 12).
The exact temperature at which this behav-
ior begins is uncertain, because Figure 12 is
constructed from the difference in two
curves which show significant data scatter
(Figure 5). For heating the present soil at
1000°C/sec, 500°C is a rough estimate for
this temperature. The cause of this excess
weight loss is believed to be augmented
volatilization ofthe soil, owing to chemical
reactions ofthe pyrene or its decomposition
with the soil. An important environmental
health consequence is that decontamination
efficiencies computed from the difference in
weight loss ofcontaminated versus neat soil
maybe seriouslyoverestimated, especially at
higher treatment temperatures or when
rapid heating rates reduce the time available
for contaminants to escape the soil before
they or their reaction products can react
chemically with the soil. Thus it is wise to
test for this effect and another potential
source oferror in the difference in weight
loss method, i.e., conversion ofcontami-
nant to solid carbon deposits on the soil,
which would lead to an underestimate of
the amount ofpollutant affected by the
treatment protocol. A plausible approach is
to dose material balances by measuring the
yield ofall products from treating a known
weight ofsoil and contaminant. This proce-
dure should include testing ofsolid residues
ofsoil thermal treatment for residual con-
tamination, e.g., by solvent extraction.
However, such measures may not be feasi-
ble in larger scale systems that integrate sev-
eral treatment operations, or even in some
research equipment.
Conclusions
This article focuses on how temperature
and heating rate each affect volatile sub-
stanceyields and reduction ofpyrene conta-
mination, during rapid heating of thin
layers ofsoil particles in the absence ofoxy-
gen. The experiments employed heating
protocols that are relevant in practice and
provided information for estimating the
identities and fluxes of (partially) cleaned
soil (i.e., solid residue), and ofsoil- and
contaminant-derived volatiles that in full-
scale processes would in general be further
treated by oxidation or other clean-up
methods. Thus, this study is pertinent to
the thermal desorption and/or pyrolysis
stages ofsoil thermal treatment, but does
not address effects ofheating soil in contact
with oxygen or ofexposing newly released
volatile substances to oxygen. Some or all
ofthe present findings may be extrapolated,
at least qualitatively, to other PAH similar
in volatility, chemical structure, and ther-
mochemical reactivity to pyrene, but this
must be assessed by further research.
The present work provides further
support for the picture that temperature
strongly affects the yields and apparent
release rates of volatilizable organic
Environmental Health Perspectives * Vol 106, Supplement 4 * August 1998 1105SAITO ETAL.
contaminants and othervolatiles during soil
thermal treatment. Changing heating rate
from 1000 to 100 or 5000°C/sec little
affected the apparent pyrene removal effi-
ciency at a peak temperature of550°C, but
gave reduced yields ofCO and acetylene,
andpossiblyCO2 and methane from conta-
minated soil. Based upon the differences in
experimentally determined weight losses of
uncontaminated and contaminated soil, we
concluded that a high initial level ofpyrene
contamination, i.e., 4.75 wt%, can be sub-
stantially and rapidly reduced by heating a
thin bed (<150 pm) of63- to 125-pm soil
particles to rather modest temperatures,
e.g., to about 530°Cat 1000°C/sec.
Chemical reactions ofpyrene with soil
or its decomposition products are indicated
at about 500°C and have environmental
health consequences, i.e., increased yields of
CO and apparently augmented volatiliza-
tion ofsoil. More specifically, above about
530°C (1000°C/sec), CO yields from
pyrene-treated soil (Figure 7) were signifi-
cantly higher than those from heating neat
soil (CO is a potent toxin to the oxygen
carrying capability ofhuman blood hemo-
globin). Color changes in the tars from
pyrene-polluted soil i.e., from white (pre-
sumably pyrene) to yellow-pink at 500°C,
and from pink to brown at 750°C are also
ascribed to pyrene chemical reactions. This
interpretation is environmentally intriguing
in light ofliterature (41) showing that
pyrolysis ofpyrene vapor at 940 to 1210°C
produces several PAH induding the bacter-
ial cell (42) and human cell (43) mutagen,
cyclopenta[c,alpyrene (CPEP), which isyel-
low-orange in color. Detailed chemical
analyses and toxicologic assays are not avail-
able for the present tars. Consequently the
question of whether heating pyrene-
polluted soil under the current conditions
generates genotoxic by-products requires
further research. Nevertheless there is merit
in remaining alert to the possibility that
toxicologically active compounds may
occur among the volatile products ofheat-
ing PAH-contaminated soils. Practical scale
soil thermal treatment technologies can
incorporate countermeasures, e.g., one or
more stages ofoxidation, and possibly other
downstream deaning methods to destroyor
capture organic toxicants that survive soil
pyrolysis. Pathologic reactions ofPAH may
occur at unexpectedly low temperatures
owing to catalysis or other promotional
effects ofsoil inorganic matter.
An environmental health consequence
ofpyrene-enhanced volatilization ofsoil is
that computations based on the difference
in weight loss of contaminated vs neat
soil, may seriously overestimate the extent
of soil cleanup. Thus soil decontamina-
tion efficiencies should be measured or
checked by closing material balances, i.e.,
by quantifying all products yields includ-
ing testing residues of treated soil for
residual contamination.
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